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MAGNETORESISTIVE ELEMENT
INCLUDING INSULATING FILM TOUCHING
PERIPHERY OF SPACER LAYER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a magnetoresistive ele-
ment, a thin-film magnetic head including the magnetoresis-
tive element and a method of manufacturing the same, and to
a head assembly and a magnetic disk drive each including the
magnetoresistive element.

2. Description of the Related Art

Performance improvements in thin-film magnetic heads
have been sought as areal recording density of magnetic disk
drives has increased. A widely used type of thin-film mag-
netic head 1s a composite thin-film magnetic head that has a
structure 1 which a write head having an induction-type
clectromagnetic transducer for writing and a read head having
a magnetoresistive element (that may be hereinatfter referred
to as MR element) for reading are stacked on a substrate.

MR elements include GMR (giant magnetoresistive) ele-
ments utilizing a giant magnetoresistive effect, and TMR
(tunneling magnetoresistive) elements utilizing a tunneling
magnetoresistive efiect.

Read heads are required to have characteristics of high
sensitivity and high output. As the read heads that satisiy such
requirements, those employing spin-valve GMR elements or
TMR elements have been mass-produced.

A spin-valve GMR element typically includes a free layer,
a pinned layer, a nonmagnetic conductive layer disposed
between the free layer and the pinned layer, and an antiferro-
magnetic layer disposed on a side of the pinned layer farther
from the nonmagnetic conductive layer. The free layer 1s a
ferromagnetic layer having a direction of magnetization that
changes 1n response to a signal magnetic field. The pinned
layer 1s a ferromagnetic layer having a fixed direction of
magnetization. The antiferromagnetic layer 1s a layer that
fixes the direction of magnetization of the pinned layer by
means of exchange coupling with the pinned layer.

Conventional GMR heads have a structure 1n which a cur-
rent used for detecting magnetic signals (hereinafter referred
to as a sense current) 1s fed 1n the direction parallel to the
planes of the layers constituting the GMR element. Such a
structure 1s called a CIP (current-in-plane) structure. On the
other hand, developments have been pursued for another type
of GMR heads having a structure 1n which the sense current is
fed 1n a direction intersecting the planes of the layers consti-
tuting the GMR element, such as the direction perpendicular
to the planes of the layers constituting the GMR element.
Such a structure 1s called a CPP (current-perpendicular-to-
plane) structure. A GMR element used for read heads having,
the CPP structure 1s hereinafter called a CPP-GMR element.
A GMR element used for read heads having the CIP structure
1s hereinafter called a CIP-GMR element.

In recent years, with an increase in recording density, there
have been increasing demands for a reduction 1n track width
ol a read head. A reduction 1n track width of a read head 1s
achievable by reducing the width of the MR element. A reduc-
tion 1n width of the MR element leads to a reduction 1n length
of the MR element taken in the direction perpendicular to the
medium facing surface of the thin-film magnetic head. This
results 1n a reduction 1n area of each of the top surface and the
bottom surface of the MR element.

In a read head of the CIP structure, since shield gap films
separate the CIP-GMR element from respective shield layers,
a reduction 1n areas of the top and bottom surfaces of the
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CIP-GMR element results 1n a reduction in heat dissipation
eificiency. Consequently, the read head of this type has a
problem that the operating current 1s limited so as to ensure
reliability.

In a read head of the CPP structure, 1n contrast, no shield
gap {1lms are required, and there are provided electrode layers
touching the top surface and the bottom surface of the CPP-
GMR element, respectively. The electrode layers can also
function as shield layers. The read head of the CPP structure
1s capable of solving the above-mentioned problem of the
read head of the CIP structure. In the read head of the CPP
structure, high heat dissipation efficiency 1s achieved since
the electrode layers touch the top surface and the bottom
surface of the CPP-GMR element. Consequently, 1n the read
head of this type it 1s possible to increase the operating cur-
rent. Furthermore, 1n the read head of this type, the smaller the
areas ol the top surface and the bottom surface of the GPP-
GMR element, the higher 1s the resistance of the element and
accordingly the greater 1s the magnetoresistance change

amount. The read head of this type therefore allows a reduc-
tion 1n track width.

A typical CPP-GMR element, however, has a disadvantage
that 1t 1s not satisfactorily high in magnetoresistance change
ratio (hereinatter referred to as MR ratio), which 1s a ratio of
magnetoresistance change with respect to the resistance of
the element. This 1s presumably because scattering of spin-
polarized electrons occurs and spin information 1s lost at the
interface between the nonmagnetic conductive layer and a
magnetic layer or in the nonmagnetic conductive layer.

Additionally, a CPP-GMR element 1s low 1n resistance, and
1s small 1n resistance change amount, accordingly. Conse-
quently, in order to obtain a higher read output with a CPP-
GMR element, 1t 1s necessary to increase the voltage applied
to the element. An increase in the voltage applied to the
clement would raise the following problem, however. In a
CPP-GMR element, a current 1s fed 1n the direction perpen-
dicular to the plane of each layer. This causes spin-polarized
clectrons to be 1njected from the free layer into the pinned
layer or from the pinned layer into the free layer. In the free
layer or the pinned layer the spin-polarized electrons generate
a torque that rotates the magnetization of the layer, that 1s, a
spin torque. The spin torque 1s proportional to the current
density. An increase 1n the voltage applied to the CPP-GMR
clement causes an 1increase 1n current density, thereby result-
Ing 1n an 1ncrease 1 spin torque. An 1crease in spin torque
results 1n a problem that the direction of magnetization of the
pinned layer 1s changed, or a problem that the free layer
becomes unable to freely change the direction of magnetiza-
tion thereof 1n response to an external magnetic field. To cope
with this, as described below, consideration has been given to
increasing the resistance change amount of a CPP-GMR ele-
ment by increasing the resistance of the CPP-GMR element.

JP 2003-008102A discloses a CPP-GMR element 1nclud-
ing: a pinned layer whose direction of magnetization 1s
pinned; a Iree layer whose direction of magnetization
changes in response to an external magnetic field; a nonmag-
netic metal intermediate layer provided between the pinned
layer and the free layer; and a resistance adjustment layer
provided between the pinned layer and the free layer and
made of a matenal containing conductive carriers not more
than 10°*/cm”. JP 2003-008102A discloses that the material

of the resistance adjustment layer 1s preferably a semiconduc-
tor or a semimetal.

JP 2003-298143 A discloses an MR element of the CPP
structure including a pinned layer whose direction of magne-
tization 1s pinned, a free layer whose direction of magnetiza-
tion changes 1n response to an external magnetic field, and an
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intermediate layer located between the pinned layer and the
free layer, wherein the intermediate layer includes a first layer
(an intermediate oxide layer) made of an oxide and having a
region in which the resistance 1s relatively high and a region
in which the resistance 1s relatively low, and wherein, when a
sense current passes through the first layer, the sense current

preferentially tlows through the region 1n which the resistance
1s relatively low. JP 2003-298143 A discloses that the sense

current has an ohmic characteristic when passing through the
first layer. Theretfore, the MR element disclosed in this pub-

lication1s nota TMR element but a CPP-GMR element. Such
a CPP-GMR element 1s called a current-confined-path type
CPP-GMR element, for example. JP 2003-298143 A further
discloses that the intermediate layer further includes a second
layer (an interface adjusting intermediate layer) made of a
nonmagnetic metal that is disposed between the first layer and

the pinned layer, and between the first layer and the free layer.
JP 2006-261306A also discloses a current-confined-path

type CPP-GMR element. This CPP-GMR eclement includes
an intermediate layer disposed between the pinned layer and
the free layer. The intermediate layer includes an nsulating
f1lm, and a columnar metal conduction portion formed within
the insulating film. The CPP-GMR element further includes a
compound layer formed between the metal conduction por-
tion and one of the pinned layer and the free layer. The
compound layer includes a compound having an ionic bind-
ing or covalent binding property. For example, a I1I-V semi-
conductor, a II-VI semiconductor or an oxide semiconductor
1s used as the material of the compound layer.

For a CPP-GMR element, providing a spacer layer includ-
ing a layer made of a semiconductor between the free layer
and the pinned layer 1s considered to be advantageous in
suppressing spin toque while making the resistance of the
CPP-GMR element be of an appropriate value and increasing
the resistance change amount of the CPP-GMR element.

However, when a thin-film magnetic head including a read
head and a write head was actually fabricated using, for the
read head, a CPP-GMR element with a spacer layer including,
a layer made of an oxide semiconductor, a problem was
found, that 1s, a great reduction in MR ratio was found to
occur when heat was applied to the CPP-GMR element after
fabrication of the element. Occasions when heat 1s applied to
the element after 1ts fabrication include, for example, heat
treatment performed for hardening photoresist covering the
coil 1n the process of fabricating the write head, and heating
performed 1n a reliability test on the thin-film magnetic head.

The above-mentioned phenomenon in which the MR ratio
1s greatly reduced when heat 1s applied to the element after 1ts
tabrication did not occur 1 a typical CPP-GMR element.

Typically, 1n a GMR element, bias magnetic field applying
layers for applying a bias magnetic field to the free layer are
respectively provided on both sides 1n a track width direction
of a stack of the layers constituting the element. Furthermore,
on the peripheral surface of the stack of the layers, an insu-
lating layer 1s provided for insulating the stack of the layers
from the bias magnetic field applying layers. A CPP-GMR
clement having such a configuration i1s disclosed in, for
example, JP 2005-133514A. JP 20035-135514 A teaches using
Al,O; as the matenal of the foregoing insulating layer.

A CIP-GMR element having an nsulating layer disposed
on the peripheral surface of the stack of the layers 1s disclosed
in, for example, JP 2004-326853A and JP 2005-018887A.
These publications teach using Al, O, and S10,, as the material

of the foregoing msulating layer.

OBJECT AND SUMMARY OF THE INVENTION

It 1s an object of the present invention to provide a magne-
toresistive element having a spacer layer including a layer
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4

made of an oxide semiconductor, the magnetoresistive ele-
ment being capable of suppressing a reduction 1n MR ratio
occurring when heat 1s applied to the element after its fabri-
cation, and to provide a thin-film magnetic head including
this magnetoresistive element and a method of manufacturing
the same, and a head assembly and a magnetic disk drive each
including the magnetoresistive element.

A magnetoresistive element of the present invention
includes a stack of layers including a first ferromagnetic layer,
a second ferromagnetic layer, and a spacer layer disposed
between the first ferromagnetic layer and the second ferro-
magnetic layer. In this magnetoresistive element, a current for
detecting magnetic signals 1s fed i a direction intersecting
the plane of each of the foregoing layers. The stack of layers
has an outer surface, and the spacer layer has a periphery
located 1n the outer surface of the stack of layers. The mag-
netoresistive element further includes an 1nsulating film that
touches the periphery of the spacer layer. The spacer layer
includes a layer made of an oxide semiconductor composed
of an oxide of a first metal. The msulating film includes a
contact film that touches the periphery of the spacer layer and
that 1s made of an oxide of a second metal having a Pauling
clectronegativity lower than that of the first metal by 0.1 or
more.

In the magnetoresistive element of the invention, the first
ferromagnetic layer may be a free layer having a direction of
magnetization that changes in response to an external mag-
netic field, while the second ferromagnetic layer may be a
pinned layer having a fixed direction of magnetization.

In the magnetoresistive element of the mvention, the sec-
ond metal may be composed of at least one of Hi, Mg, Zr, Ta
and T1.

In the magnetoresistive element of the invention, the first
metal may be composed of at least one of Zn, In and Sn. In this
case, the second metal may be composed of at least one of Hf.
Mg, Zr, Ta and Ti.

In the magnetoresistive element of the invention, the insu-
lating film may further include an norganic msulating film
made of an morganic msulating material and disposed such
that the contact film 1s sandwiched between the norganic
insulating film and the periphery of the spacer layer.

In the magnetoresistive element of the invention, the con-
tact film may have a thickness of 1 nm or greater.

A first thin-film magnetic head of the present mvention
includes: a medium facing surface that faces toward a record-
ing medium; the magnetoresistive element of the ivention
disposed near the medium facing surface to detect a signal
magnetic field sent from the recording medium; and a pair of
clectrodes for feeding a current for detecting magnetic signals
to the magnetoresistive element.

A second thin-film magnetic head of the present invention
includes a medium facing surface that faces toward a record-
ing medium, a read head, and a write head. The read head
includes the magnetoresistive element of the mvention dis-
posed near the medium facing surface to detect a signal mag-
netic field sent from the recording medium, and a pair of
clectrodes for feeding a current for detecting magnetic signals
to the magnetoresistive element.

A manufacturing method for a thin-film magnetic head of
the present invention 1s a method for manufacturing the sec-
ond thin-film magnetic head of the mvention. The method
includes the steps of forming the read head and forming the
write head after the read head 1s formed, wherein the step of
forming the write head includes the step of performing heat
treatment.

A head assembly of the present invention includes: a slider
including the first thin-film magnetic head of the invention
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and disposed to face toward a recording medium; and a sup-
porter tlexibly supporting the slider.

A magnetic disk drive of the present invention includes: a
slider including the first thin-film magnetic head of the inven-
tion and disposed to face toward a recording medium that 1s
driven to rotate; and an alignment device supporting the slider
and aligning the slider with respect to the recording medium.

According to the present invention, the magnetoresistive
clement includes the stack of layers including the first and the
second ferromagnetic layer and the spacer layer disposed
therebetween, and the insulating {ilm that touches the periph-
ery of the spacer layer. The spacer layer includes a layer made
of an oxide semiconductor composed of an oxide of the first
metal. The insulating film includes the contact film that
touches the periphery of the spacer layer and that 1s made of
an oxide of the second metal having a Pauling electronega-
tivity lower than that of the first metal by 0.1 or more. Accord-
ing to the present mvention, 1t 1s thus possible to suppress
transier of oxygen from the layer made of an oxide semicon-
ductor to the insulating film, and consequently 1t 1s possible to
suppress a reduction mn MR ratio occurring when heat 1s
applied to the magnetoresistive element after 1ts fabrication.

Other and further objects, features and advantages of the
invention will appear more fully from the following descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross-sectional view illustrating a cross section
of aread head including an MR element of an embodiment of
the invention parallel to the medium facing surface.

FI1G. 2 1s a cross-sectional view illustrating a cross section
of the read head including the MR element of the embodiment
of the invention perpendicular to the medium facing surface
and the substrate.

FIG. 3 1s a cross-sectional view illustrating a cross section
of a thin-film magnetic head of the embodiment of the mven-
tion perpendicular to the medium facing surface and the sub-
strate.

FI1G. 4 1s a cross-sectional view illustrating a cross section
of a pole portion of the thin-film magnetic head of the
embodiment of the invention parallel to the medium facing
surface.

FIG. 5 1s a perspective view 1illustrating a slider incorpo-
rated 1n a head gimbal assembly of the embodiment of the
ivention.

FIG. 6 1s a perspective view 1llustrating a head arm assem-
bly of the embodiment of the invention.

FIG. 7 1s an explanatory view for illustrating the main part
ol a magnetic disk drive of the embodiment of the invention.

FIG. 8 1s a top view of the magnetic disk drive of the
embodiment of the invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

An embodiment of the present invention will now be
described 1n detail with reference to the drawings. Reference
1s {irst made to FIG. 3 and FIG. 4 to outline the configuration
and a manufacturing method of a thin-film magnetic head of
the embodiment of the invention. FIG. 3 1s a cross-sectional
view 1llustrating a cross section of the thin-film magnetic
head perpendicular to the medium facing surface and the
substrate. FIG. 4 1s a cross-sectional view illustrating a cross
section of a pole portion of the thin-film magnetic head par-
allel to the medium facing surface.
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The thin-film magnetic head of the embodiment has a
medium facing surface 20 that faces toward a recording
medium. Furthermore, the thin-film magnetic head includes:
a substrate 1 made of a ceramic material such as aluminum
oxide and titantum carbide (Al,O,—T1C); an insulating layer
2 made of an 1nsulating material such as alumina (Al,O,) and
disposed on the substrate 1; a first shueld layer 3 made of a
magnetic material and disposed on the insulating layer 2; and
an MR element 5 disposed on the first shield layer 3. The MR
clement 5 includes a stack of layers 30 and an insulating film
4. Detailed descriptions on the stack of layers 30 and the
insulating film 4 will be provided later.

The magnetic head further includes: two bias magnetic
field applying layers 6 respectively disposed adjacent to two
side surtaces of the stack of layers 30 with the msulating film
4 1n between; and an 1nsulating layer 7 disposed around the
stack of layers 30 and the bias magnetic field applying layers
6. The MR eclement 5 1s disposed near the medium facing
surface 20. The nsulating layer 7 1s made of an insulating
material such as alumina.

The thin-film magnetic head further includes: a second
shield layer 8 made of a magnetic material and disposed on
the MR element 5, the bias magnetic field applying layers 6
and the insulating layer 7; a separating layer 18 made of a
nonmagnetic material such as alumina and disposed on the
second shield layer 8; and a bottom pole layer 19 made of a
magnetic matenial and disposed on the separating layer 18.
The magnetic material used for the second shield layer 8 and
the bottom pole layer 19 1s a soit magnetic material such as
NiFe, CoFe, CoFeB, CoFeNi or FeN. Alternatively, a second
shield layer that also functions as a bottom pole layer may be
provided 1n place of the second shield layer 8, the separating
layer 18 and the bottom pole layer 19.

The thin-film magnetic head further includes a write gap
layer 9 made of a nonmagnetic material such as alumina and
disposed on the bottom pole layer 19. A contact hole 9a 1s
formed 1n a region of the write gap layer 9 away from the
medium facing surface 20.

The thin-film magnetic head further includes a first layer
portion 10 of a thin-film co1l disposed on the write gap layer
9. The first layer portion 10 1s made of a conductive material
such as copper (Cu). In FIG. 3, numeral 10q indicates a
connecting portion of the first layer portion 10 connected to a
second layer portion 135 of the thin-film coil to be described
later. The first layer portion 10 1s wound around the contact
hole 9a.

The thin-film magnetic head further includes: an insulating,
layer 11 made of an insulating material and disposed to cover
the first layer portion 10 of the thin-film coil and the write gap
layer 9 around the first layer portion 10; a top pole layer 12
made of a magnetic material; and a connecting layer 13 made
of a conductive material and disposed on the connecting
portion 10a. The connecting layer 13 may be made of a
magnetic material. Each of the outer and the inner edge por-
tion of the insulating layer 11 1s in the shape of a rounded
slope.

The top pole layer 12 includes a track width defining layer
12a, a coupling portion layer 126 and a yoke portion layer
12¢. The track width defining layer 12a 1s disposed on the
write gap layer 9 and the msulating layer 11 over a region
extending from a sloped portion of the isulating layer 11
closer to the medium facing surface 20 to the medium facing
surface 20. The track width defining layer 12a includes: a
front-end portion that 1s formed on the write gap layer 9 and
functions as the pole portion of the top pole layer 12; and a
connecting portion that 1s formed on the sloped portion of the
insulating layer 11 closer to the medium facing surface 20 and
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1s connected to the yoke portion layer 12¢. The front-end
portion has a width equal to the write track width. The con-
necting portion has a width greater than the width of the
front-end portion.

The coupling portion layer 125 1s disposed on a region of
the bottom pole layer 19 where the contact hole 9a 1s formed.
The yoke portion layer 12¢ couples the track width defining
layer 12a and the coupling portion layer 125 to each other. An
end of the yoke portion layer 12¢ that 1s closer to the medium
facing surface 20 1s located apart from the medium facing
surface 20. The yoke portion layer 12¢ 1s connected to the
bottom pole layer 19 through the coupling portion layer 1254.

The thin-film magnetic head further includes an insulating,
layer 14 made of an imorganic insulating material such as
alumina and disposed around the coupling portion layer 125.
The track width defining layer 12 a, the coupling portion layer
125, the connecting layer 13 and the mnsulating layer 14 have
flattened top surfaces.

The thin-film magnetic head further includes the second
layer portion 15 of the thin-film coil disposed on the insulat-
ing layer 14. The second layer portion 15 1s made of a con-
ductive material such as copper (Cu). In FIG. 3, numeral 15a
indicates a connecting portion of the second layer portion 135
that 1s connected to the connecting portion 10a of the first
layer portion 10 of the thin-film coil through the connecting
layer 13. The second layer portion 15 1s wound around the
coupling portion layer 125.

The thin-film magnetic head further includes an 1nsulating,
layer 16 disposed to cover the second layer portion 15 of the
thin-film coi1l and the 1nsulating layer 14 around the second
layer portion 15. Each of the outer and the inner edge portion
of the msulating layer 16 1s 1n the shape of a rounded slope.
Part of the yoke portion layer 12¢ 1s disposed on the insulating
layer 16.

The thin-film magnetic head further includes an overcoat
layer 17 disposed to cover the top pole layer 12. The overcoat
layer 17 1s made of alumina, for example.

The method of manufacturing the thin-film magnetic head
of the embodiment will now be outlined. In the method of
manufacturing the thin-film magnetic head of the embodi-
ment, first, the insulating layer 2 1s formed to have a thickness
01 0.2 to 5 um, for example, on the substrate 1 by sputtering or
the like. Next, on the insulating layer 2, the first shueld layer 3
1s formed into a predetermined pattern by plating, for
example. Next, although not shown, an insulating layer made
of alumina, for example, 1s formed over the entire surface.
Next, the mnsulating layer 1s polished by chemical mechanical
polishing (hereinatter referred to as CMP), for example, until
the first shield layer 3 1s exposed, and the top surfaces of the
first shield layer 3 and the insulating layer are thereby tlat-
tened.

Next, the MR element 5, the two bias magnetic field apply-
ing layers 6 and the insulating layer 7 are formed on the first
shield layer 3. Next, the second shield layer 8 1s formed on the
MR element 3, the bias magnetic field applying layers 6 and
the msulating layer 7. The second shield layer 8 1s formed by
plating or sputtering, for example. Next, the separating layer
18 1s formed on the second shield layer 8 by sputtering, for
example. Next, the bottom pole layer 19 1s formed on the
separating layer 18 by plating or sputtering, for example.

Next, the write gap layer 9 1s formed to have a thickness of
50 to 300 nm, for example, on the bottom pole layer 19 by
sputtering or the like. Next, in order to make a magnetic path,
the contact hole 9a 1s formed by partially etching the write
gap layer 9 at a center portion of the thin-film coil that will be
formed later.
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Next, the first layer portion 10 of the thin-film coil 1s
formed to have a thickness of 2 to 3 um, for example, on the
write gap layer 9. The first layer portion 10 1s wound around
the contact hole 9a.

Next, the msulating layer 11 made of an organic msulating
material 1s formed 1nto a predetermined pattern to cover the
first layer portion 10 of the thin-film coil and the write gap
layer 9 disposed around the first layer portion 10. The organic
insulating material used for the insulating layer 11 1s a mate-
rial that exhibits fluidity with an increase 1n temperature and
thereaiter hardens, which may be photoresist, for example.
Next, the msulating layer 11 1s heat-treated at a temperature
of, e.g., 250° C., so as to tlatten the surface of the insulating
layer 11 and to harden the insulating layer 11. Through this
heat treatment, the outer and the inner edge portion of the
insulating layer 11 are each brought into the shape of a
rounded slope.

Next, the track width defining layer 12a of the top pole
layer 12 1s formed on the write gap layer 9 and the msulating
layer 11 over the region extending from the sloped portion of
the insulating layer 11 closer to the medium facing surface 20
described later to the medium facing surface 20.

When the track width defimng layer 12a 1s formed, the
coupling portion layer 1256 1s formed on the region of the
bottom pole layer 19 where the contact hole 9a 1s formed, and
the connecting layer 13 1s formed on the connecting portion
10q at the same time.

Next, pole trimming i1s performed. That 1s, 1n a region
around the track width defining layer 124, the write gap layer
9 and at least part of the pole portion of the bottom pole layer
19 close to the write gap layer 9 are etched using the track
width defining layer 12a as a mask. This provides a trim
structure 1n which, as shown 1n FIG. 4, the pole portion of the
top pole layer 12, the write gap layer 9, and at least part of the
pole portion of the bottom pole layer 19 have equal widths.
The trim structure allows prevention of an increase 1n effec-
tive track width resulting from an expansion of magnetic flux
near the write gap layer 9.

Next, the insulating layer 14 1s formed to have a thickness
ol 3 to 4 um, for example, over the entire top surface of a stack
of the layers that have been formed through the foregoing
steps. Next, the insulating layer 14 1s polished by CMP, for
example, to reach the surfaces of the track width defining
layer 12a, the coupling portion layer 126 and the connecting
layer 13, and is thereby flattened.

Next, the second layer portion 15 of the thin-film coil 1s
formed to have a thickness of 2 to 3 um, for example, on the
insulating layer 14 that has been flattened. The second layer
portion 15 1s wound around the coupling portion layer 1254.

Next, the msulating layer 16 made of an organic imsulating
material 1s formed 1nto a predetermined pattern to cover the
second layer portion 15 of the thin-film co1l and the insulating
layer 14 disposed around the second layer portion 15. The
organic msulating material used for the insulating layer 16 1s
a material that exhibits fluidity with an increase 1n tempera-
ture and thereafter hardens, which may be photoresist, for
example. Next, the nsulating layer 16 1s heat-treated at a
temperature of, e.g., 250° C., so as to flatten the surface of the
insulating layer 16 and to harden the insulating layer 16.
Through this heat treatment, the outer and the mner edge
portion of the msulating layer 16 are each brought into the
shape of a rounded slope. Next, the yoke portion layer 12¢ 1s
formed on the track width defiming layer 124, the msulating
layers 14 and 16 and the coupling portion layer 125.

Next, the overcoat layer 17 1s formed to cover the entire top
surface of a stack of the layers that have been formed through
the foregoing steps. Wiring, terminals and so on are then
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formed on the overcoat layer 17. Finally, machining of the
slider including the foregoing layers 1s performed to form the
medium facing surface 20. The thin-film magnetic head
including a write head and a read head 1s thus completed.

As described above, this embodiment includes the step of
forming the read head and the step of forming the write head
alter the read head i1s formed. The step of forming the write
head includes the step of performing heat treatment.

The thin-film magnetic head manufactured 1n this manner
has the medium facing surface 20 that faces toward the
recording medium, the read head, and the write head. The
read head 1s disposed near the medium facing surface 20 to
detect a signal magnetic field sent from the recording
medium. The configuration of the read head will be described
in detail later.

The write head includes: the bottom pole layer 19 and the
top pole layer 12 magnetically coupled to each other and
including the respective pole portions that are opposed to
cach other and placed inregions of the pole layers on a side of
the medium facing surface 20; the write gap layer 9 provided
between the pole portion of the bottom pole layer 19 and the
pole portion of the top pole layer 12; and the thin-film coi1l 10,
15 at least part of which 1s placed between the bottom pole
layer 19 and the top pole layer 12 and insulated from the
bottom pole layer 19 and the top pole layer 12. In this thin-
film magnetic head, as illustrated 1n FIG. 3, the length from
the medium facing surface 20 to the end of the mnsulating layer
11 closer to the medium facing surface 20 corresponds to
throat height TH. Note that the throat height refers to a length
(height) from the medium facing surface 20 to a point at
which the distance between the two pole layers starts to
increase. It should be noted that, while FIG. 3 and FIG. 4
illustrate a write head for use with the longitudinal magnetic
recording system, the write head of the embodiment can be
one for use with the perpendicular magnetic recording sys-
tem.

Reference 1s now made to FI1G. 1 and FIG. 2 to describe the
configuration of the read head of the embodiment in detail.
FIG. 1 1s a cross-sectional view 1llustrating a cross section of
the read head parallel to the medium facing surface. As 1llus-
trated 1n FIG. 1, the read head includes the first shield layer 3
and the second shield layer 8 disposed at a specific distance
from each other, and the MR element 5 disposed between the
first shield layer 3 and the second shield layer 8. The MR
clement 5 and the second shield layer 8 are stacked on the first
shield layer 3. The MR element 5 includes the stack of layers
30 and the insulating film 4. The stack of layers 30 has an
outer surface including a top surface 30a, a bottom surface
305, and a peripheral surface 30c¢ that connects the top surface
30a and the bottom surface 305 to each other. The peripheral
surface 30c¢ of the stack of layers 30 includes an end face
located 1n the medium facing surface 20, an end face opposite
to the medium facing surface 20, and two side surfaces that
couple these two end faces to each other. The mnsulating film
4 touches the two side surtaces and the end face opposite to
the medium facing surface 20 of the peripheral surface 30c of
the stack of layers 30, and does not touch the end face located
in the medium facing surface 20.

The read head further includes: the two bias magnetic field
applying layers 6 that are respectively disposed adjacent to
the two side surfaces of the stack of layers 30 with the 1nsu-
lating film 4 1n between and that apply a bias magnetic field to
the stack of layers 30; and the msulating layer 7 disposed
around the stack of layers 30 and the bias magnetic field
applying layers 6. As illustrated in FIG. 1 and FIG. 2, the
insulating film 4 1s located between the peripheral surface 30¢
of the stack of layers 30 and the bias magnetic field applying
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layers 6, between the first shield 3 and the bias magnetic field
applying layers 6, between the peripheral surface 30¢ of the
stack of layers 30 and the msulating layer 7, and between the
first shield layer 3 and the msulating layer 7.

The bias magnetic field applying layers 6 are each com-
posed of a hard magnetic layer (hard magnet) or a stack of a
ferromagnetic layer and an antiferromagnetic layer, for
example. To be specific, the bias magnetic field applying

layers 6 are made of CoPt or CoCrPt, for example.

The MR element 5 of the embodiment 1s a CPP-GMR
element. In this MR element 5, a sense current, which 1s a
current for detecting magnetic signals, 1s fed 1 a direction
intersecting the planes of layers constituting the stack of
layers 30, such as the direction perpendicular to the planes of
the layers constituting the stack of layers 30. The first shield
layer 3 and the second shield layer 8 also function as a pair of
clectrodes for feeding the sense current to the MR element 5
in a direction mntersecting the planes of the layers constituting
the stack of layers 30, such as the direction perpendicular to
the planes of the layers constituting the stack of layers 30.
Alternatively, besides the first shield layer 3 and the second
shield layer 8, there may be provided a pair of electrodes on
top and bottom of the stack of layers 30, respectively. The MR
clement 5 has a resistance that changes in response to an
external magnetic field, that 1s, a signal magnetic field sent
from the recording medium. The resistance of the MR ele-
ment 5 can be determined from the sense current. It 1s thus
possible to read data stored on the recording medium through
the use of the read head.

FIG. 1 and FIG. 2 1llustrate an example of configuration of
the MR element 5. As previously mentioned, the MR element
5 includes the stack of layers 30. The stack of layers 30
includes: a free layer 23 that 1s a ferromagnetic layer having
a direction of magnetization that changes 1n response to the
signal magnetic field; a pinned layer 23 that 1s a ferromagnetic
layer having a fixed direction of magnetization; and a spacer
layer 24 disposed between the free layer 25 and the pinned
layer 23. The free layer 25 corresponds to the first ferromag-
netic layer of the present invention, while the pinned layer 23
corresponds to the second ferromagnetic layer of the present
invention. In the example 1llustrated 1n FIG. 1 and FIG. 2, the
pinned layer 23 1s disposed closer to the first shield layer 3
than 1s the free layer 25. However, such a configuration 1s also
possible that the free layer 25 1s disposed closer to the first
shield layer 3 instead.

The stack of layers 30 further includes: an antiferromag-
netic layer 22 disposed on a side of the pinned layer 23 farther
from the spacer layer 24; an underlying layer 21 disposed
between the first shield layer 3 and the antiferromagnetic
layer 22; and a protection layer 26 disposed between the free
layer 25 and the second shield layer 8. In the MR element 5
illustrated in FIG. 1 and FIG. 2, the underlying layer 21, the
antiferromagnetic layer 22, the pinned layer 23, the spacer
layer 24, the free layer 25 and the protection layer 26 are
stacked 1n this order on the first shield layer 3.

The antiferromagnetic layer 22 1s a layer for fixing the
direction of magnetization of the pinned layer 23 by means of
exchange coupling with the pinned layer 23. The underlying
layer 21 1s provided for improving the crystallinity and ori-
entability of each layer formed thereon and particularly for
enhancing the exchange coupling between the antiferromag-
netic layer 22 and the pinned layer 23. The protection layer 26
1s a layer for protecting the layers located therebelow.

The underlying layer 21 has a thickness of 1 to 6 nm, for
example. The underlying layer 21 1s formed of a stack of a'Ta
layer and a Ru layer, for example.
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The antiferromagnetic layer 22 has a thickness of 4 to 30
nm, for example. The antiferromagnetic layer 22 1s made of
an antiferromagnetic material containing Mn and at least one
clement M, selected from the group consisting of Pt, Ru, Rh,
Pd, N1, Cu, Ir, Cr and Fe, for example. The Mn content of the
material 1s preferably equal to or higher than 35 atomic per-
cent and lower than or equal to 95 atomic percent, while the
content of the other element M, of the material 1s preferably
equal to or higher than 5 atomic percent and lower than or
equal to 65 atomic percent. There are two types of the anti-
ferromagnetic material, one 1s a non-heat-induced antiferro-
magnetic material that exhibits antiferromagnetism without
any heat treatment and induces an exchange coupling mag-
netic field between a ferromagnetic material and itself, and
the other 1s a heat-induced antiferromagnetic material that
exhibits antiferromagnetism by undergoing heat treatment.
The antiferromagnetic layer 22 can be made of either of these
types. Examples of the non-heat-induced antiferromagnetic

material imnclude a Mn alloy that has a vy phase, such as
RuRhMn, FeMn, or IrMn. Examples of the heat-induced

antiferromagnetic material include a Mn alloy that has a
regular crystal structure, such as PtMn, NiMn, or PtRhMn.

As a layer for fixing the direction of magnetization of the
pinned layer 23, a hard magnetic layer made of a hard mag-
netic material such as CoPt may be provided 1n place of the
antiferromagnetic layer 22 described above. In this case, for
example, Cr, Crl1 or T1W 1s used as the material of the
underlying layer 21.

In the pinned layer 23, the direction of magnetization 1s
fixed by exchange coupling with the antiferromagnetic layer
22 at the interface between the antiferromagnetic layer 22 and
the pinned layer 23. The pinned layer 23 of the embodiment
1s a so-called synthetic pinned layer, having an outer layer 31,
a nonmagnetic middle layer 32 and an mner layer 33 that are
stacked in this order on the antiferromagnetic layer 22. Each
of the outer layer 31 and the inner layer 33 includes a ferro-
magnetic layer made of a ferromagnetic material containing,
at least Co selected from the group consisting of Co and Fe,
for example. The outer layer 31 and the mner layer 33 are
antiferromagnetic-coupled to each other via the nonmagnetic
middle layer 32, and the magnetizations thereof are fixed to
opposite directions. The outer layer 31 has a thickness of 2 to
7 nm, for example. The 1nner layer 33 has a thickness of 2 to
10 nm, for example.

The nonmagnetic middle layer 32 has a thickness 01 0.35 to
1.0 nm, for example. The nonmagnetic middle layer 32 is
made of a nonmagnetic material containing at least one ele-
ment selected from the group consisting of Ru, Rh, Ir, Re, Cr,
Zr and Cu, for example. The nonmagnetic middle layer 32 1s
provided for producing antiferromagnetic exchange coupling,
between the mner layer 33 and the outer layer 31, and for
fixing the magnetizations of the inner layer 33 and the outer
layer 31 to opposite directions. It should be noted that the
magnetizations of the inner layer 33 and the outer layer 31 in
opposite directions include not only a case in which there 1s a
difference of 180 degrees between these directions of mag-
netizations, but also a case i1n which there 1s a difference 1n the
range of 180 plus/minus about 20 degrees between them.

The spacer layer 24 has a periphery 24a located in the
peripheral surface 30c¢ of the outer surface of the stack of
layers 30. The spacer layer 24 includes: a first nonmagnetic
metal layer 41 and a second nonmagnetic metal layer 43 each
made of a nonmagnetic metal material; and a semiconductor
layer 42 that 1s made of an oxide semiconductor composed of
an oxide of a first metal and that 1s disposed between the first
nonmagnetic metal layer 41 and the second nonmagnetic
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metal layer 43. The first nonmagnetic metal layer 41 touches
the inner layer 33, while the second nonmagnetic metal layer

43 touches the free layer 25.

The first metal may be composed of at least one of Zn, In
and Sn. Accordingly, the oxide semiconductor used for the
semiconductor layer 42 may be composed of at least one of
/n0, In,O, and SnO,. ZnO 1s known to be turned into an
n-type semiconductor by electrons released from interstitial
zinc or oxygen vacancies. The oxide semiconductor used for
the semiconductor layer 42 may be an oxide semiconductor
including two or more metallic elements selected from Zn, In,
and Sn. The semiconductor layer 42 has a thickness prefer-
ably within a range of 1 to 2 nm, and more preferably within
arange ol 1.2 to 1.8 nm.

The nonmagnetic metal material used for the nonmagnetic
metal layers 41 and 43 can be one of Cu, Au, Ag, Zn, AuCu,
CuZn, Cr, Ru, and Rh, for example. Of these, Cu, Au, and Ag
are preferable, of which Cu i1s particularly preferable, as the
nonmagnetic metal material used for the nonmagnetic metal
layers 41 and 43. Each of the nonmagnetic metal layers 41 and
43 preferably has a thickness within a range of 0.3 to 2 nm.

The free layer 25 has a thickness of 2 to 10 nm, for example.
The free layer 25 1s formed of a ferromagnetic layer having a
low coercivity. The free layer 25 may include a plurality of
ferromagnetic layers stacked.

The protection layer 26 has a thickness 01 0.5 to 20 nm, for
example. The protection layer 26 may be formed of a Ta layer
or a Ru layer, for example. The protection layer 26 may be
tformed into a two-layer structure made up of a combination of
a Ta layer and a Ru layer, for example, or a three-layer
structure made up of a combination of Ta, Ru and Ta layers or
a combination of Ru, Ta and Ru layers, for example.

At least one of the inner layer 33 and the free layer 25 may
include an alloy layer having a spin polarization nearly equal
to 1, such as a Heusler alloy layer.

The plane geometry of each of the layers 21 to 26 consti-
tuting the stack of layers 30 1s rectangular. The peripheral
surface 30c of the stack of layers 30 1s made up of the periph-
eries of the layers 21 to 26.

The msulating film 4 includes: a contact film 4A that
touches the peripheral surface 30¢ of the stack of layers 30
including the periphery 24a of the spacer layer 24; and an
inorganic msulating {ilm 4B made of an 1norganic msulating
material and disposed such that the contact film 4 A 1s sand-
wiched between the inorganic insulating film 4B and the
peripheral surtace 30c¢ of the stack of layers 30 including the
periphery 24a of the spacer layer 24. The contact film 4
preferably has a thickness of 1 nm or greater. It 1s not neces-
sarily required that the insulating film 4 include the inorganic
insulating film 4B.

The contact film 4A 1s made of an oxide of a second metal
having a Pauling electronegativity (hereinafter simply
referred to as an electronegativity) lower than that of the first
metal used for the oxide semiconductor to form the semicon-
ductor layer 42, by 0.1 or more. The second metal may be
composed of at least one of Hi, Mg, Zr, Ta and Ti. Accord-
ingly, the material of the contact film 4 A may be composed of
at least one of H1O,,, MgQO, Zr0O,, Ta,O. and T10,. The mate-
rial of the contact film 4A may also be a metal oxide including

two or more metallic elements selected from Hf, Mg, Zr, Ta
and T1, such as HIMgO.

r

Table 1 below provides a listing of oxides and electrone-
gativities ol some metallic elements.
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TABLE 1
Element Oxide Electronegativity
/n Zn0O 1.65
In In,0; 1.7%8
Sn Sno, 1.96
Ni NiO 1.91
S1 S105 1.90
Al Al, O, 1.61
Hf H{O, 1.30
Mg MgO 1.31
Zr 2105 1.33
Ta Ta,04 1.50
Ti Ti0, 1.54

As can be seen from Table 1 above, the electronegativity of
cach of HiI, Mg, Zr, Ta and T1 1s lower than that of each of Zn,
In and Sn by 0.1 or more. Therefore, when the first metal 1s
composed of at least one of Zn, In and Sn, 1t 1s desirable that
the second metal be composed of at least one of HT, Mg, Zr, Ta
and Ti. In other words, when the oxide semiconductor used
for the semiconductor layer 42 1s composed of at least one of
/n0O, In,0O; and SnO.,, 1t 1s desirable that the material of the
contact film 4A be composed of at least one of H1O,, MgO,
710, Ta,O; and T10.,,.

The 1norganic insulating material used to form the 1nor-
ganic insulating film 4B can be Al,O, or S10,, for example.

The MR element 5 of the embodiment preferably has a
resistance-area product (hereinafter referred to as RA) within
a range of 0.1 to 0.3 Q-um”.

A method of manufacturing the read head illustrated 1n
FIG. 1 and FIG. 2 will now be described. In the method of

manufacturing the read head, first, the first shield layer 3
having a predetermined pattern 1s formed on the msulating,
layer 2 by plating, for example. Next, on the first shield layer
3, films to become the respective layers constituting the stack
of layers 30 are formed in succession by sputtering, for
example, to thereby form a layered film. The film to become
the semiconductor layer 42 may be formed by sputtering the
material of the oxide semiconductor used to form the semi-
conductor layer 42, or by forming a film of the first metal by
sputtering and then oxidizing this film of the first metal by an
oxidation method such as plasma oxidation or natural oxida-
tion.

Next, the foregoing layered film 1s subjected to heat treat-
ment. This heat treatment 1s performed for the purpose of
improving the crystallinity of the semiconductor layer 42 and
directing the magnetization of the pinned layer 23 to one
direction. The temperature of this heat treatment 1s preferably
within a range of 200° C. to 300° C., and more preferably
within a range of 250° C. to 290° C. Next the layered film 1s
patterned by etching to thereby form the stack of layers 30.

Next, the msulating film 4 1s formed by sputtering, for
example, to thereby complete the MR element 5. In the case
where the 1nsulating film 4 has only the contact film 4 A, only
the contact film 4A 1s formed 1n the step of forming the
insulating film 4. In the case where the insulating film 4
includes the contact film 4A and the 1norganic msulating film
4B, the contact film 4A 1s first formed and then the inorganic
insulating film 4B 1s formed 1n the step of forming the 1nsu-
lating film 4.

Next, the bias magnetic field applying layers 6 are formed.
Next, the second shield layer 8 1s formed by plating or sput-
tering, for example, on the MR element 5 and the bias mag-
netic field applying layers 6.

The operation of the thin-film magnetic head of the
embodiment will now be described. The thin-film magnetic
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head writes data on a recording medium by using the write
head and reads data written on the recording medium by using
the read head.

In the read head, the direction of the bias magnetic field
produced by the bias magnetic field applying layers 6 inter-
sects the direction perpendicular to the medium facing sur-
tace 20 at a right angle. In the MR element 5, when no signal
magnetic field 1s present, the direction of magnetization of the
free layer 25 1s aligned with the direction of the bias magnetic
field. On the other hand, the direction of magnetization of the
pinned layer 23 1s {ixed to the direction perpendicular to the
medium facing surface 20.

In the MR element 5, the direction of magnetization of the
free layer 25 changes in response to a signal magnetic field
sent from the recording medium. This causes a change in the
relative angle between the direction of magnetization of the
free layer 235 and the direction of magnetization of the pinned
layer 23, and as a result, the resistance of the MR element 5
changes. The resistance of the MR element 5 can be deter-
mined from the potential difference between the first and
second shield layers 3 and 8 produced when a sense current 1s
ted to the MR element 3 from the shield layers 3 and 8. Thus,
it 1s possible for the read head to read data stored on the
recording medium.

Inthe MR element 5 of the embodiment, the spacer layer 24
includes the two nonmagnetic metal layers 41 and 43 and the
semiconductor layer 42 disposed between the two layers.
According to the embodiment, 1t 1s therefore possible for the
MR element 3 to attain a greater RA and accordingly a greater
resistance change amount, compared with a case where the
spacer layer 24 does not include the semiconductor layer 42.

As will be seen from experimental results described later,
in an MR element having an insulating layer made ot Al,O,
instead of the msulating film 4 of the embodiment, there
occurs the problem that the MR ratio 1s greatly reduced when
heat 1s applied to the MR element after 1ts fabrication. Occa-
sions when heat 1s applied to the element after 1ts fabrication
include, for example, heat treatment for hardening photore-
sist to form the 1msulating layer 11 covering the coil 10 and
heat treatment for hardening photoresist to form the msulat-
ing layer 16 covering the coil 15, which are performed 1n the
process of fabricating the write head. Another occasion when
heat 1s applied to the MR element after 1ts fabrication 1s
heating performed in a reliability test on the thin-film mag-
netic head. In the case ol the MR element having an insulating
layer of Al,O; mstead of the insulating film 4 of the embodi-
ment as mentioned above, a possible reason why the MR ratio
1s greatly reduced when heat 1s applied to the MR element
alter i1ts fabrication would be because, when heat 1s applied to
the MR element, there occurs a transter of elements such as
oxygen Irom the semiconductor layer 42 made of an oxide
semiconductor to the isulating layer, and this results 1n deg-
radation 1n quality of the crystal of the semiconductor layer
42.

According to the embodiment, in contrast, the isulating
f1lm 4 includes the contact film 4 A that touches the peripheral
surface 30c¢ of the stack of layers 30 including the periphery
24a of the spacer layer 24 and that 1s made of an oxide of the
second metal whose electronegativity 1s lower than that of the
first metal used for the oxide semiconductor that forms the
semiconductor layer 42 by 0.1 or more. Electronegativity
indicates the capability of atoms in a molecule to attract
clectrons. According to the embodiment, as will be seen from
the experimental results described later, 1t 1s possible to sup-
press a reduction in MR ratio occurring when heat 1s applied
to the MR element 5 after its fabrication. The reason why 1t 1s
possible to suppress a reduction 1n MR ratio can be consid-
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ered as follows. According to the embodiment, the insulating
film 4 includes the contact film 4A satisiying the above-
mentioned requirements, and this would make 1t possible to
prevent a transier of electrons accompanying the transier of
oxygen from the semiconductor layer 42 to the insulating film
4, and to thereby substantially suppress the transier of oxy-
gen. As aresult, according to the embodiment, degradation in
quality of the crystal of the semiconductor layer 42 would be
suppressed, whereby a reduction 1n MR ratio would be sup-
pressed.

A description will now be given of the results of an experi-
ment performed for showing the effects of the embodiment.
In the experiment, 17 types of MR element samples labeled as

Conditions for semiconductor laver

10

16

for convenience 1n the following description. For each of the
samples Al to Al4 and Bl to B3, Table 3 below lists the
respective conditions under which the semiconductor layer
42 and the contact film 4 A were formed. To be specific, Table
3 lists, as the conditions for the semiconductor layer 42, the
material and thickness of the semiconductor layer 42, the first
metal used 1n the material of the semiconductor layer 42 and
the electronegativity of the first metal. Table 3 also lists, as the
conditions for the contact film 4 A, the material and thickness
of the contact film 4 A, the second metal used 1n the material
of the contact film 4 A and the electronegativity of the second
metal.

TABLE 3

Conditions for contact film

Sam- Mate-
ple  nal
Al Zn0O
A2 Zn0O
A3 Zn0O
A4 ZnO
AS Zn0O
Ab Zn0O
Bl Zn0O
B2 Zn0O
AT Zn0
Al Zn0O
B3 Zn0
A9 In,0O4
Al0  In,0O,
All ITO
Al2 ITO
Al3  SnO,
Ald4  SnO,

Al to Al14 and B1 to B3 were prepared. Each of the samples
Al to Al4 corresponds to an example of the MR element 5 of
the embodiment. Each of the samples B1 to B3 corresponds to
a comparative example against the MR element 5 of the
embodiment. Table 2 below shows the specific film configu-
ration of the stack of layers 30 of the samples Al to A14 and
B1 to B3.

TABLE 2
Layer Substance Thickness (nm)
Protection layer Ru 10
Free layer NiFe 5
Coke 1
Spacer Second nonmagnetic metal Cu 0.7
layer layer
Semiconductor layer Oxide 1.6 or 1.7
semiconductor
First nonmagnetic metal Cu 0.7
layer
Pinned Inner layer CoFe 3.5
layer Nonmagnetic middle layer Ru 0.8
Outer layer CoFe 3
Antiferromagnetic layer [rMn 5
Underlying layer Ru 2
la 1

In each of the samples Bl to B3, although the film that
touches the peripheral surface 30¢ of the stack of layers 30
does not satisty the requirements for the contact film of the
present invention, this film 1s also called the contact film 4A
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Thickness 1st Electro- Mate- Thickness 2nd Electro-
(nm)  metal negativity rial (nm) metal negativity

1.6 Zn 1.65  HIO, 3.0 Hi 1.3

1.6 Zn 1.65 MgO 3.0 Mg 1.31
1.6 Zn 1.65  ZrO, 3.0 Zr 1.33
1.6 Zn 1.65  Ta,Ox4 3.0 Ta 1.5
1.6 Zn 1.65  TiO, 3.0 Ti 1.54
1.6 Zn 1.65  HiMgO 3.0 Mg, Hf 1.305
1.6 Zn 1.65  AlO; 3.0 Al 1.61
1.6 Zn 1.65 Ni1O 3.0 Ni 1.91
1.6 Zn 1.65  HIO, 2.0 Hi 1.3

1.6 Zn 1.65  HIO, 1.0 Hf 1.3

1.6 Zn 1.65  HIO, 0.5 Hi 1.3

1.7 In 1.78  HIO, 3.0 Hf 1.3
1.7 In 1.78 MgO 3.0 Mg 1.31
1.7 In, Sn 1.81  HIO, 3.0 Hf 1.3

1.7 In, Sn 1.81  MgO 3.0 Mg 1.31
1.7 S 1.96  HIO, 3.0 Hi 1.3
1.7 Sn 1.96 MgO 3.0 Mg 1.31

In Table 3, for the sample A6, the electronegativity as a
condition for the contact film 4A shows an electronegativity
that 1s intermediate between the electronegativities of Mg and

Hi. In Table 3, for each of the samples All and Al2, the

clectronegativity as a condition for the semiconductor layer
42 shows an electronegativity that 1s imtermediate between
the electronegativities of In and Sn.

Each sample was fabricated as follows. First, films to
become the respective layers constituting the stack of layers
30 were formed 1n succession by sputtering, for example, to
thereby form a layered film. Next, this layered film was sub-
jected to heat treatment. The heat treatment was performed at
a temperature of 270° C. for three hours. Next, the layered
film was patterned by etching to thereby form the stack of
layers 30. Next, the contact film 4A and the 1norganic insu-
lating film 4B were formed 1n this order by sputtering to
thereby complete each sample. The mnorganic insulating film
4B 1s 40 nm 1n thickness.

In the experiment, MR ratio (%) and RA (Q-um”) were
measured for each sample. Next, each sample was subjected
to a post-sample-fabrication heat treatment. The post-sample-
fabrication heat treatment was performed at a temperature of
2°70° C. for three hours. The post-sample-fabrication heat
treatment corresponds to an occasion when heat 1s applied to
the MR element 5 after fabrication of the MR element 5. Next,
MR ratio (%) and RA (Q-um?) were again measured for each
sample. Here, the state of each sample before undergoing the
post-sample-fabrication heat treatment i1s called an “initial
state”, and the state of each sample after undergoing the
post-sample-fabrication heat treatment 1s called a “post-heat-
treatment state”. Furthermore, 1n the experiment, the value of
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MR ratio 1n the post-heat-treatment state divided by the value
of MR ratio 1n the 1mitial state was obtained for each sample.
The value thus obtained will be hereinaiter called an “MR
degradation rate”. A lower MR degradation rate means a
greater reduction in MR ratio resulting from the post-sample- >
fabrication heat treatment as compared with the initial state.
Table 4 below lists the MR ratio and RA 1n the 1nitial state, the
MR ratio and R A 1n the post-heat-treatment state, and the MR
degradation rate for each sample.

10
TABLE 4
Post-heat-
Initial state treatment state

Sam- MR ratio RA (€2 - MR ratio RA (€2 - MR degra- =
ple (%) um?) (%) um?) dation rate
Al 14.8 0.209 14.%8 0.209 1.00
A2 14.7 0.197 14.7 0.201 1.00
A3 14.7 0.190 14.6 0.192 0.99
A4 13.8 0.188 12.6 0.172 0.91 20
AS 12.8 0.192 11.6 0.175 0.91
Ab 14.8 0.202 14.8 0.203 1.00
B1 12.5 0.213 9.8 0.164 0.78
B2 11.7 0.201 8.8 0.155 0.75
A7 14.9 0.215 14.8 0.209 0.99
AR 14.5 0.204 14.2 0.187 0.9%8 25
B3 12.8 0.211 10.5 0.172 0.82
A9 13.8 0.18% 13.7 0.190 0.99
Al0 13.5 0.179 13.5 0.180 1.00
All 14.0 0.193 13.9 0.192 0.99
Al2 13.8 0.185 13.6 0.183 0.99
Al3 13.6 0.180 13.6 0.180 1.00 30
Al4 13.5 0.172 13.4 0.173 0.99

The results of the experiment will now be discussed with
reference to Table 3 and Table 4. First, comparisons are made
among the samples Al to A6, Bl and B2. As Table 3 indicates, 35
these samples are diflerent only 1n the material of the contact
f1lm 4A. In the samples B1 and B2, the second metal does not
satisty the requirement that the electronegativity thereof be
lower than that of the first metal by 0.1 or more. In contrast, 1n
the samples Al to A6, the second metal satisfies the require- 40
ment that the electronegativity thereot be lower than that of
the first metal by 0.1 or more. As Table 4 indicates, the
samples B1 and B2 have MR degradation rates of 0.78 and
0.73, respectively. In contrast, the samples Al to A6 have MR
degradation rates within a range of 0.91 to 1.00. From these 45
results, 1t can be seen that 1f the second metal satisfies the
requirement that the electronegativity thereof be lower than
that of the first metal by 0.1 or more, 1t 1s possible to suppress
a reduction 1n MR ratio occurring when heat 1s applied to the
MR element 5 after fabrication of the MR element 5. 50

Furthermore, as Table 4 indicates, the samples Al to A6 are
higher 1n MR ratio in the 1nitial state than the samples B1 and
B2. This 1s presumably because a transter of oxygen from the
semiconductor layer 42 to the msulating film 4 occurs 1n the
samples B1 and B2 even before undergoing the post-sample- 55
fabrication heat treatment, whereas such a transier of oxygen
can be prevented in the samples Al to A6. This result indicates
that, according to the embodiment, the second metal satisiy-
ing the requirement that the electronegativity thereof be lower
than that of the first metal by 0.1 or more serves to suppressa 60
reduction in MR ratio even 1n a case where no heat 1s applied
to the MR element 5 after its fabrication.

Next, comparisons are made among the samples A7, A8
and B3. As Table 3 indicates, these samples are diflerent only
in thickness of the contact film 4A. The thicknesses of the 65
contact film 4A of the samples A7, A8 and B3 are 2 nm, 1 nm
and 0.5 nm, respectively. As Table 4 indicates, the MR ratios
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in the 1nitial state of the samples A7, A8 and B3 are 14.9, 14.5
and 12.8, respectively, and the MR degradation rates of the
samples A7, A8 and B3 are 0.99, 0.98 and 0.82, respectively.
These results indicate that, 1f the thickness of the contact film
4 A 1s too small, a reduction 1n MR ratio occurring when heat
1s applied to the MR element 5 after 1ts fabrication cannot be
suificiently suppressed and there occurs a reduction in MR
ratio even in the case where no heat 1s applied to the MR
clement 3 after its fabrication. From the experimental results
on the samples A7, A8 and B3, 1t 1s expected that, 1f the
thickness of the contact film 4A 1s 1 nm or greater, 1t 1s
possible to suill

iciently suppress a reduction i MR ratio
occurring when heat 1s applied to the MR element 5 after 1ts
fabrication and 1t 1s also possible to sufliciently suppress a
reduction 1n MR ratio even in the case where no heat 1s
applied to the MR element 5 after 1ts fabrication.

The experimental results on the samples A9 to Al14 will
now be described. The samples A9, A11 and A13 are different
from the sample Al in the material and thickness of the
semiconductor layer 42. The samples Al, A12 and Al4 are
different from the sample A2 1n the material and thickness of
the semiconductor layer 42. The material of the semiconduc-
tor layer 42 1n the samples A11 and A12 1s indium tin oxide
(ITO) formed by mixing In,O; with 5 atomic percent SnQO.,,.
In each of the samples A9 to Al4, the second metal satlsﬁes
the requirement that the electronegativity thereof be lower
than that of the first metal by 0.1 or more. Each of the samples
A9 to Al4 has an MR degradation rate of 0.99 or 1.00. The
MR ratios 1n the initial state of the samples A9 to Al4 are
suificiently higher than the MR ratios in the 1nitial state of the
samples B1 and B2. These results indicate that, according to
the embodiment, 1t 1s possible to suppress a reduction 1n MR
ratio occurring when heat 1s applied to the MR element 5 after
its fabrication and 1t 1s also possible to suppress a reduction 1n
MR ratio even 1n the case where no heat 1s applied to the MR
clement 5 after its fabrication, as long as the second metal
satisfies the requirement that the electronegativity thereof be
lower than that of the first metal by 0.1 or more, even if the
combination of the first metal and the second metal varies.

A head assembly and a magnetic disk drive of the embodi-
ment will now be described. Reference 1s first made to FIG. 5
to describe a slider 210 incorporated in the head assembly. In
the magnetic disk drive, the slider 210 1s placed to face toward
a magnetic disk platter that 1s a circular-plate-shaped record-
ing medium to be driven to rotate. The slider 210 has a base
body 211 made up mainly of the substrate 1 and the overcoat
layer 17 of FI1G. 3. The base body 211 1s nearly hexahedron-
shaped. One of the six surfaces of the base body 211 faces
toward the magnetic disk platter. The medium facing surface
40 1s formed 1n this one of the surfaces. When the magnetic
disk platter rotates in the z direction of FIG. 35, an airflow
passes between the magnetic disk platter and the slider 210,
and a lift 1s thereby generated below the slider 210 in the vy
direction of FIG. 5 and exerted on the slider 210. The slider
210 flies over the surface of the magnetic disk platter by
means of the lift. The x direction of FIG. 5 1s across the tracks
of the magnetic disk platter. The thin-film magnetic head 100
of the embodiment 1s formed near the air-outtlow-side end
(the end located at the lower lett of FI1G. 5) of the slider 210.

Reference 1s now made to FIG. 6 to describe the head
assembly of the embodiment. The head assembly of the
embodiment has the slider 210 and a supporter that tlexibly
supports the slider 210. Forms of this head assembly include
a head gimbal assembly and a head arm assembly described
below.

The head gimbal assembly 220 will be first described. The

head gimbal assembly 220 has the slider 210 and a suspension
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221 as the supporter that flexibly supports the slider 210. The
suspension 221 has: a plate-spring-shaped load beam 222
made of stainless steel, for example; a flexure 223 to which
the slider 210 1s joined, the flexure 223 being located at an end
of the load beam 222 and giving an appropriate degree of
freedom to the slider 210; and a base plate 224 located at the
other end of the load beam 222. The base plate 224 1s attached
to an arm 230 of an actuator for moving the slider 210 along
the x direction across the tracks of the magnetic disk platter
262. The actuator has the arm 230 and a voice coil motor that
drives the arm 230. A gimbal section for maintaining the
orientation of the slider 210 1s provided 1n the portion of the
flexure 223 on which the slider 210 1s mounted.

The head gimbal assembly 220 1s attached to the arm 230 of
the actuator. An assembly including the arm 230 and the head
gimbal assembly 220 attached to the arm 230 1s called a head
arm assembly. An assembly including a carriage having a
plurality of arms wherein the head gimbal assembly 220 1s
attached to each of the arms 1s called a head stack assembly.

FIG. 6 1illustrates the head arm assembly of the embodi-
ment. In the head arm assembly, the head gimbal assembly

220 1s attached to an end of the arm 230. A co11 231 that 1s part
ol the voice coil motor 1s fixed to the other end of the arm 230.
A bearing 233 1s provided in the middle of the arm 230. The
bearing 233 1s attached to a shaft 234 that rotatably supports
the arm 230.

Reference 1s now made to FIG. 7 and FIG. 8 to describe an
example of the head stack assembly and the magnetic disk
drive of the embodiment. FI1G. 7 1s an explanatory view 1llus-
trating the main part of the magnetic disk drive, and FIG. 8 1s
a top view of the magnetic disk drive. The head stack assem-
bly 250 incorporates a carriage 251 having a plurality of arms
252. A plurality of head gimbal assemblies 220 are attached to
the arms 252 such that the assemblies 220 are arranged 1n the
vertical direction with spacing between respective adjacent
ones. A coil 253 that 1s part of the voice coil motor 1s mounted
on the carriage 251 on a side opposite to the arms 252. The
head stack assembly 250 1s installed in the magnetic disk
drive. The magnetic disk drive includes a plurality of mag-
netic disk platters 262 mounted on a spindle motor 261. Two
of the sliders 210 are allocated to each of the platters 262, such

the platters 262 disposed 1n between. The voice coil motor
includes permanent magnets 263 disposed to be opposed to
cach other, the coil 253 of the head stack assembly 250 being
placed between the magnets 263.

The actuator and the head stack assembly 250 except the
sliders 210 correspond to the alignment device of the inven-
tion, and support the sliders 210 and align them with respect
to the magnetic disk platters 262.

In the magnetic disk drive of the embodiment, the actuator
moves the slider 210 across the tracks of the magnetic disk
platter 262 and aligns the slider 210 with respect to the mag-
netic disk platter 262. The thin-film magnetic head incorpo-
rated 1n the slider 210 writes data on the magnetic disk platter
262 by using the write head, and reads data stored on the
magnetic disk platter 262 by using the read head.

The head assembly and the magnetic disk drive of the
embodiment exhibit effects similar to those of the thin-film
magnetic head of the embodiment described previously.

The present mvention 1s not limited to the foregoing
embodiment but various modifications are possible. For
example, the pmned layer 23 1s not limited to a synthetic
pinned layer. In addition, while the embodiment has been
described with reference to a thin-film magnetic head having
a structure 1n which the read head 1s formed on the base body

that the two sliders 210 are opposed to each other with each of
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and the write head 1s stacked on the read head, the read head
and the write head may be stacked 1n the reverse order.

When the thin-film magnetic head is to be used only for
read operations, the magnetic head may be configured to
include the read head only.

It1s apparent that the present invention can be carried out 1n
various forms and modifications 1n the light of the foregoing
descriptions. Accordingly, within the scope of the following
claims and equivalents thereol, the present invention can be
carried out in forms other than the foregoing most preferable
embodiments.

What 1s claimed 1s:

1. A magnetoresistive element comprising a stack of layers
including a first ferromagnetic layer, a second ferromagnetic
layer, and a spacer layer disposed between the first ferromag-
netic layer and the second ferromagnetic layer, wherein:

a current for detecting magnetic signals 1s fed 1n a direction

intersecting a plane of each of the foregoing layers;

the stack of layers has an outer surface; and

the spacer layer has a periphery located 1n the outer surface

of the stack of layers;

the magnetoresistive element further comprising an 1nsu-

lating film that touches the periphery of the spacer layer,
wherein:

the spacer layer includes a layer made of an oxide semi-

conductor composed of an oxide of a first metal;

the first metal 1s composed of at least one of Zn, In and Sn;

the insulating film 1ncludes a contact film that touches the

periphery ofthe spacer layer and that 1s made of an oxide
of a second metal having a Pauling electronegativity
lower than that of the first metal by 0.1 or more;

the second metal 1s composed of at least one of Hf, Mg, Zr,

Ta and T1; and

the magnetoresistive element has a resistance-area product

within a range of 0.1 to 0.3 -um?*.

2. The magnetoresistive element according to claim 1,
wherein the first ferromagnetic layer 1s a free layer having a
direction of magnetization that changes 1n response to an
external magnetic field, while the second ferromagnetic layer
1s a pinned layer having a fixed direction of magnetization.

3. The magnetoresistive element according to claim 1,
wherein the insulating film further includes an inorganic insu-
lating film made of an inorganic insulating material and dis-
posed such that the contact film 1s sandwiched between the
inorganic insulating film and the periphery of the spacer layer.

4. The magnetoresistive element according to claim 1,
wherein the contact film has a thickness of 1 nm or greater.

5. A thin-film magnetic head comprising: a medium facing
surface that faces toward a recording medium; a magnetore-
sistive element disposed near the medium facing surface to
detect a signal magnetic field sent from the recording
medium; and

a pair of electrodes for feeding a current for detecting

magnetic signals to the magnetoresistive element,
wherein:
the magnetoresistive element comprises a stack of layers
including a first ferromagnetic layer, a second ferromag-
netic layer, and a spacer layer disposed between the first
ferromagnetic layer and the second ferromagnetic layer;

in the magnetoresistive element, the current for detecting
magnetic signals 1s fed 1n a direction intersecting a plane
of each of the foregoing layers;

the stack of layers has an outer surface;

the spacer layer has a periphery located 1n the outer surface

of the stack of layers;

the magnetoresistive element further comprises an insulat-

ing {ilm that touches the periphery of the spacer layer;
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the spacer layer includes a layer made of an oxide semi-
conductor composed of an oxide of a first metal;

the first metal 1s composed of at least one of Zn, In and Sn;

the 1insulating film 1ncludes a contact film that touches the
periphery of the spacer layer and that 1s made of an oxide
of a second metal having a Pauling electronegativity
lower than that of the first metal by 0.1 or more;

the second metal 1s composed of at least one of Hi, Mg, Zr,

Ta and T1; and

the magnetoresistive element has a resistance-area product

within a range of 0.1to 0.3 Q-um?.

6. A thin-film magnetic head comprising a medium facing
surface that faces toward a recording medium, a read head,
and a write head, wherein:

the read head comprises a magnetoresistive element dis-

posed near the medium facing surface to detect a signal
magnetic field sent from the recording medium, and a
pair of electrodes for feeding a current for detecting
magnetic signals to the magnetoresistive element;

the magnetoresistive element comprises a stack of layers

including a first ferromagnetic layer, a second ferromag-
netic layer, and a spacer layer disposed between the first
terromagnetic layer and the second ferromagnetic layer;
in the magnetoresistive element, the current for detecting
magnetic signals 1s fed 1n a direction intersecting a plane
of each of the foregoing layers;
the stack of layers has an outer surface;
the spacer layer has a periphery located 1n the outer surface
of the stack of layers;
the magnetoresistive element further comprises an insulat-
ing {ilm that touches the periphery of the spacer layer;
the spacer layer includes a layer made of an oxide semi-
conductor composed of an oxide of a first metal;
the first metal 1s composed of at least one of Zn, In and Sn;
the insulating film 1ncludes a contact film that touches the
periphery of the spacer layer and that 1s made of an oxide
of a second metal having a Pauling electronegativity
lower than that of the first metal by 0.1 or more;
the second metal 1s composed of at least one of Hi, Mg, Zr,
Ta and T1; and

the magnetoresistive element has a resistance-area product

within a range of 0.1 to 0.3 Q-um”~.

7. A method of manufacturing a thin-film magnetic head,
the thin-film magnetic head comprising a medium facing
surface that faces toward a recording medium, a read head,
and a write head, wherein:

the read head comprises a magnetoresistive element dis-

posed near the medium facing surface to detect a signal
magnetic field sent from the recording medium, and a
pair of electrodes for feeding a current for detecting
magnetic signals to the magnetoresistive element;

the magnetoresistive element comprises a stack of layers

including a first ferromagnetic layer, a second ferromag-
netic layer, and a spacer layer disposed between the first
ferromagnetic layer and the second ferromagnetic layer;
in the magnetoresistive element, the current for detecting
magnetic signals 1s fed 1n a direction intersecting a plane
of each of the foregoing layers;
the stack of layers has an outer surface;
the spacer layer has a periphery located in the outer surface
of the stack of layers;
the magnetoresistive element further comprises an insulat-
ing {ilm that touches the periphery of the spacer layer;
the spacer layer includes a layer made of an oxide semi-
conductor composed of an oxide of a first metal;
the first metal 1s composed of at least one of Zn, In and Sn;
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the insulating film 1ncludes a contact film that touches the
periphery ofthe spacer layer and that 1s made of an oxide
of a second metal having a Pauling electronegativity
lower than that of the first metal by 0.1 or more;

the second metal 1s composed of at least one of Hf, Mg, Zr,

Ta and T1; and

the magnetoresistive element has a resistance-area product

within a range of 0.1 to 0.3 p-um?,

the method comprising the steps of:

forming the read head; and

forming the write head after the read head 1s formed.,

wherein the step of forming the write head includes the step

of performing heat treatment.
8. A head assembly comprising: a slider including a thin-
f1lm magnetic head and disposed to face toward a recording
medium; and a supporter tlexibly supporting the slider,
wherein:
the thin-film magnetic head comprises: a medium facing
surface that faces toward the recording medium; a mag-
netoresistive element disposed near the medium facing
surface to detect a signal magnetic field sent from the
recording medium; and a pair of electrodes for feeding a
current for detecting magnetic signals to the magnetore-
sistive element:
the magnetoresistive element comprises a stack of layers
including a first ferromagnetic layer, a second ferromag-
netic layer, and a spacer layer disposed between the first
ferromagnetic layer and the second ferromagnetic layer;

in the magnetoresistive element, the current for detecting,
magnetic signals 1s fed 1n a direction intersecting a plane
of each of the foregoing layers;

the stack of layers has an outer surface;

the spacer layer has a periphery located 1n the outer surface

of the stack of layers;

the magnetoresistive element further comprises an isulat-

ing {ilm that touches the periphery of the spacer layer;
the spacer layer includes a layer made of an oxide semi-
conductor composed of an oxide of a first metal;

the first metal 1s composed of at least one of Zn, In and Sn;

the insulating film 1ncludes a contact film that touches the

periphery ofthe spacer layer and that 1s made of an oxide
of a second metal having a Pauling electronegativity
lower than that of the first metal by 0.1 or more;

the second metal 1s composed of at least one of Hi, Mg, Zr,

Ta and T1; and

the magnetoresistive element has a resistance-area product

within a range of 0.1 to 0.3 Q-um~.
9. A magnetic disk drive comprising: a slider including a
thin-1ilm magnetic head and disposed to face toward a record-
ing medium that 1s driven to rotate; and an alignment device
supporting the slider and aligning the slider with respect to the
recording medium, wherein:
the thin-film magnetic head comprises: a medium facing
surface that faces toward the recording medium; a mag-
netoresistive element disposed near the medium facing
surface to detect a signal magnetic field sent from the
recording medium; and a pair of electrodes for feeding a
current for detecting magnetic signals to the magnetore-
sistive element;
the magnetoresistive element comprises a stack of layers
including a first ferromagnetic layer, a second ferromag-
netic layer, and a spacer layer disposed between the first
ferromagnetic layer and the second ferromagnetic layer;

in the magnetoresistive element, the current for detecting,
magnetic signals 1s fed 1n a direction intersecting a plane
of each of the foregoing layers;

the stack of layers has an outer surface;
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the spacer layer has a periphery located 1n the outer surface

of the stack of layers;

the magnetoresistive element further comprises an insulat-

ing {ilm that touches the periphery of the spacer layer;

the spacer layer includes a layer made of an oxide semi-

t

conductor composed of an oxide of a first metal;
ne first metal 1s composed of at least one of Zn, In and Sn;

t

ne insulating film 1ncludes a contact film that touches the
periphery of the spacer layer and that 1s made of an oxide
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of a second metal having a Pauling electronegativity
lower than that of the first metal by 0.1 or more;

the second metal 1s composed of at least one of Hf, Mg, Zr,
Ta and T1; and

the magnetoresistive element has a resistance-area product
within a range of 0.1 to 0.3 €-um,,.
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